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Abstract: Microcapsules obtained by layer-by-layer assembly
provide a good platform for biological analysis owing to their
component diversity, multiple binding sites, and controllable
wall thickness. Herein, different assembly species were
obtained from two-photon dyes and traditional photosensi-
tizers, and further assembled into microcapsules. Fluorescence
resonance energy transfer (FRET) was shown to occur
between the two-photon dyes and photosensitizers. Confocal
laser scanning microscopy (CLSM) with one- and two-photon
lasers, fluorescence lifetime imaging microscopy (FLIM), and
time-resolved fluorescence spectroscopy were used to analyze
the FRET effects in the microcapsules. The FRET efficiency
could easily be controlled through changing the assembly
sequence. Furthermore, the capsules are phototoxic upon one-
or two-photon excitation. These materials are thus expected to
be applicable in two-photon-activated photodynamic therapy
for deep-tissue treatment.

F orster (fluorescence) resonance energy transfer (FRET) is
a mechanism for describing the energy transfer between two
light-sensitive molecules (usually fluorophores). In this pro-
cess, an excited-state donor fluorophore transfers energy to
a proximal ground-state acceptor fluorophore through non-
radiative dipole—dipole coupling.?) The FRET efficiency
strongly depends on several factors, such as the extent of the
spectral overlap, the quantum yield of the fluorophores, and,
most importantly, the distance between donor and acceptor
(D/A, proximity of 1-10 nm).>* In general, the FRET rate is
inversely proportional to the sixth power of this distance,
making FRET extremely sensitive to small changes in the
distance between donor and acceptor. Therefore, FRET has
been used to measure the distance between D/A molecules
and to detect molecular interactions in a number of systems,
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and has applications in biology and chemistry."**® Beyond
that, in recent years, the application of FRET has been
extended to cancer research, for example, in photodynamic
therapy (PDT).1*!

PDT is a form of phototherapy that uses photosensitizers
(PSs); these are selectively exposed to light whereupon they
become toxic to the targeted malignant and other diseased
cells. However, the PSs widely used in clinical PDT absorb in
the visible region below 1 =700 nm, where light penetration
into the skin is only a few millimeters.'!! Some emerging
approaches offer new perspectives for improving the PDT
treatment depth through coupling PSs with two-photon dyes
or particles in the confined space of nanosystems." %1271 pSg
can be excited indirectly with two-photon-absorbing (TPA)
dyes through the FRET mechanism. Two-photon-activated
PDT (TPA-PDT) offers several advantages over conventional
one-photon PDT, such as reduced photoinduced damage,
enhanced imaging resolution of turbid samples, and, most
importantly, an extended PDTwindow (i.e., 700-1000 nm) for
deep-tissue treatment. However, such TPA-PDT systems
must be carefully designed, and it is difficult to control the
FRET process and its efficiency.

The layer-by-layer (LbL) assembly technique offers
a simple and versatile way to build functional films on
different substrates by cyclic adsorption of a polycation and
a polyanion."™*) This makes LbL multilayers containing
different dyes ideally suited for studying FRET processes
between different dyes. The groups of Jonas and Reynolds
have systematically studied the FRET processes between
multilayer films containing donor and acceptor dyes.***!
Herein, we fabricated LbL multilayer polyelectrolyte micro-
capsules. A suitable TPA dye and a traditional PS were
selected and conjugated with different polyelectrolyte layers.
Furthermore, the PS could be indirectly activated by TPA
dyes in the multilayer system through the one- or two-photon-
induced FRET mechanism (see the Supporting Information,
Figure S1). The FRET efficiency could also be easily con-
trolled through changing the assembly method or adjusting
the assembly sequences. This approach provides possibilities
for improving the two-photon absorption cross-sections of
traditional photosensitizers using the molecular assembly
method. Therefore, this system could be applied in TPA-PDT
to improve the treatment depth. Although LbL microcapsules
have been developed for decades, to the best of our knowl-
edge, this is the first report of using LbL microcapsules to
study FRET mechanisms and for TPA-PDT applications.
Compared with other approaches towards TPA-PDT,10-1213]
this system should be simpler and easier to control.

The LbL microcapsules were typically fabricated by cyclic
adsorption of a polycation (poly(allylamine), PAH) and
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a polyanion (poly(sodium-para-styrenesulfonate), PSS) on
the surface of a MnCO; microsphere template (Figure S1).
Before adsorption, the PAH was labeled with a TPA dye
(fluorescein isothiocyanate, FITC) and a PS dye (Rose
Bengal, RB), in a coupling reaction to yield the functional
components FITC-PAH and RB-PAH, respectively. In some
reports, FITC and RB acted as standard TPA dyes and
photosensitive drugs in PDT.'*?*! The spectral overlap
between the maximum emission of FITC and the maximum
absorption of RB was investigated in our previous work. This
spectral overlap enables their use as a FRET pair.™” In this
work, the corresponding spectra of FITC-PAH and RB-PAH
were characterized, which also featured an overlapping
region (over 30 %, Figure S2), enabling FRET. Subsequently,
as the first system in this work, positively charged FITC-PAH
and RB-PAH were first mixed and then alternatingly
adsorbed with negatively charged PSS until ten bilayers had
been assembled on the surface of the MnCO; particles. The
surface zeta potential was determined after the deposition of
every polymer layer on the particle surface (Figure S3), which
confirmed the LbL process during material preparation.
Furthermore, ((FITC-PAH + RB-PAH)/PSS),, microcap-
sules (denoted as FR capsules) were obtained after removing
the MnCO; cores. The morphological characteristics of the
FR capsules are shown in Figure S4. The average thickness of
a single PAH/PSS bilayer was calculated as approximately
4 nm by atomic-force microscopy (AFM; Figure S4c). This
thickness is consistent with a similar, previously reported
structure.””?’! In general, the distance between a donor dye
and an acceptor dye has to be less than 10 nm for efficient
FRET." Therefore, we believe that the layered space in the
capsule wall is very suitable for FRET pairs. The sample was
also examined by confocal laser scanning microscopy
(CLSM). As shown in Figure S4d—f, green fluorescence
represented the FITC-conjugated PAH, while red fluores-
cence represented the RB-conjugated PAH. The superim-
posed image confirmed that FITC and RB co-existed in the
microcapsule walls. The green fluorescence was weaker than
the red fluorescence owing to intra-capsule FRET effects,
which will be discussed below.

The donor (D) can be quenched by the acceptor (A);
accordingly, the donor fluorescence lifetime will be reduced
and the acceptor fluorescence lifetime will be increased if
a FRET process takes place between the D/A dyes.™ On the
other hand, the fluorescence intensity of a donor dye will
increase if we forcefully quench the acceptor dye.’'! Based on
these properties, the FRET effect was validated using several
methods for the FR-Capsules system. First, acceptor dyes
(RB) in a local region of the FR-Capsules were selected to be
bleached with a high-intensity 559 nm laser, while ones
beyond this region were not. We found that the FR-Capsules
did not show the green fluorescence of the donor dyes (FITC)
before bleaching the RB, which confirmed that FITC
transferred energy to the RB (Figure 1a). On the contrary,
the regions in which RB was bleached showed strong green
fluorescence because there was no energy acceptor (Fig-
ure 1b). On the other hand, after the RB in the microcapsules
had been bleached, the selected time-lapse images in Fig-
ure S5 showed that the fluorescence intensity of RB gradually
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Figure 1. CLSM images of FR-Capsules a) before and b) after bleaching
of a selected area (white circles) for 15 s. Fluorescence decay curves of
c) F-Capsules and FR-Capsules detected at 515 nm (4,,,, of FITC) and
d) R-Capsules and FR-Capsules detected at 560 nm (4, of RB) at
Aee=455 nm. The blue dashed line represents the instrument
response.

decreased, whereas the fluorescence intensity of FITC
increased as time progressed. Time-resolved fluorescence
measurements were also used to analyze the FRET process of
the microcapsules. For comparison, PAH labeled with a single
dye (FITC or RB) was used for assembly with PSS for
preparing single FITC-labeled capsules (F-Capsules) and
single RB-labeled capsules (R-Capsules), respectively. For
the FR-Capsules, the average lifetime of the fluorescence
decay at 515 nm was 1223 ps (tp_), which was shorter than
that of the F-Capsules (t, = 1664 ps; Figure 1c). Meanwhile,
the average lifetime of the FR-Capsules (7'p_, = 1145 ps) at
560 nm was longer than that of the R-Capsules (7', =762 ps;
Figure 1d). These results also suggested that effective FRET
occurred between the FITC-PAH and RB-PAH layers in the
microcapsule walls. The FRET efficiency was calculated as
Errgr(%) = (1 _ ) x 100 % —33.4%.

Tp-a

Furthermore, a CLSM equipped with a two-photon laser
(TP-CLSM) was used to validate the two-photon absorption
and two-photon FRET of the samples. As shown in Figure 2,
the FR-Capsules also showed strong green (495-540 nm) and
red fluorescence (575-630 nm) after excitation with the two-
photon laser (920 nm), confirming that the capsules under-
went two-photon absorption. In detail, F-Capsules were
mixed with the same amount of FR-Capsules and studied
using TP-CLSM. Obviously, there were two types of capsules
with different intensities of green fluorescence (Figure 2a,
FITC channel) even though the FITC content in the F- and
FR-Capsules was exactly the same. We believe that the low-
intensity green microcapsules are the FR-Capsules while the
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Figure 2. TP-CLSM images of mixed microcapsules a) composed of
the same amount of FR-Capsules and F-Capsules, and b) composed of
the same amount of FR-Capsules and R-Capsules. The excitation
wavelength was 920 nm, and fluorescence was collected at 495—

540 nm (FITC channel) and 575-630 nm (RB channel). The corre-
sponding fluorescence intensity profiles along the indicated lines for
two selected capsules are shown on the right. Scale bars: 20 um. The
FITC content of the FR-Capsules and F-Capsules, and also the RB
content of the FR-Capsules and R-Capsules, was kept the same by
using UV monitoring.

high-intensity green microcapsules represented the F-Capsu-
les. It is easy to understand that FITC was quenched by RB in
the FR-Capsules through the two-photon-activated FRET
mechanism. In the overlay image in Figure 2a, two types of
microcapsules could be distinguished: The orange capsules
represent FR-Capsules, and the green capsules represent
F-Capsules. These capsules could also be separated clearly in
the corresponding fluorescence intensity profiles. Similarly,
the R-Capsules were mixed with the same amount of FR-
capsules and analyzed with the same method. As shown in
Figure 2b, low-intensity red microcapsules represent the R-
Capsules while the high-intensity red microcapsules represent
the FR-Capsules (RB channel). This is due to the fact that
FITC units in FR-Capsules transfer their energy to RB, which
increases the fluorescence intensity of RB.

Forster theory states that the FRET efficiency varies with
the sixth power of the distance between donor and acceptor.
For the FR-Capsules, the distance between FITC and RB
could be controlled through adjusting the assembly method
and the number of layers. Therefore, four capsule systems
were prepared with different assembly sequences for a fluo-
rescence lifetime imaging microscopy (FLIM) analysis. As
shown in Figure 3 a, the assembly processes of these capsules
were entirely the same, except for inserting different numbers
of PAH layers with no fluorophore among the FITC-PAH and
RB-PAH layers for adjusting the distance between FITC and
RB. The amount of FITC/RB was kept the same in every
capsule system by monitoring their characteristic UV absorp-
tion. In fact, unlike the fluorescence intensity, the fluores-
cence lifetime is not dependent on the donor concentration,
illumination intensity, and moderate photobleaching. There-
fore, FLIM is considered as the most rigorous method for
measuring FRET. In this work, the fluorescence lifetime of
the donor FITC in different capsule systems was imaged as
shown in Figure 3b. Obviously, the fluorescence lifetime of
FITC increased with the distance between the FITC-PAH and
RB-PAH layers. In these systems, the fluorescence lifetime of

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dte

Chemie

ST
a) FITC-PAH + RB-PAH (1:1)

FITC-PAH RB-PAH PAH

» » ;
b) FR-Capsules#1 FR-Capsules#2 FR- Capsules#3’ FR-CapsuIes#4'

C) FR- Capsules#l +F-Capsules

. ——FR-Capsules#1
2 0.8 —— FR-Capsules#2
- —— FR-Capsules#3
—— FR-Capsulesi#4

0 2 4 6 8 10 12 14
Time/ns

Figure 3. a) Illustration of FR-Capsules with different assembly sequen-
ces of FITC-PAH, RB-PAH, and PAH. A negatively charged PSS layer is
present between two adjacent positively charged PAH layers, which are
not shown in the diagram. The FITC and RB contents of these capsule
systems were kept the same by using UV monitoring. b) FLIM images
with 4., =485 nm (4., =499-539 nm) for FR-Capsules#1 to FR-Capsu-
les#4. c) Mixed microcapsules composed of the same amount of FR-
Capsules#1 and F-Capsules. d) The corresponding lifetime decay
curves of different microcapsule systems. Scale bars: 20 um.

FITC was shortest in the FR-Capsules#1, which implied
a minimum distance between FITC and RB. The FRET
efficiency of FR-Capsules#l was approximately 51% as
analyzed with FLIM software. Meanwhile, the fluorescence
lifetime of FITC in FR-Capsules#4 was longer than that of
other capsules because FITC and RB were separated by more
PAH layers with no fluorophore. The FR-Capsules#4 pre-
sented the lowest FRET efficiency (ca. 6%). This was also
confirmed by the lifetime decay curves in Figure 3d. Fur-
thermore, an equimolar mixture of FR-Capsules#1 and F-
Capsules was analyzed by FLIM (Figure 3 c). The blue circles
with a short lifetime represent FR-Capsules#1, in which FITC
was quenched by RB. The yellow circles with a long lifetime
represent F-Capsules, which do not contain an energy
acceptor for quenching FITC.

The generation of cytotoxic singlet oxygen from FR-
Capsules was detected indirectly using a reactive oxygen
indicator (ABDA). The characteristic absorption peak of
ABDA will decrease in intensity with an increase in the
singlet oxygen concentration in solution.”>*! After addition
of ABDA into the FR-Capsules suspension and irradiation
with 480 nm light (1,,,, of FITC), a rapid decrease in the
ABDA absorbance intensity was observed with increasing
exposure time (Figure 4a). For the FR-Capsules, the relative
absorbance of ABDA at 400 nm decreased to 8.2% after
80 min of irradiation, whereas it was 31.0% for the same
amount of pure RB (Figure 4b). Pure RB led to a slower
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Figure 4. a) Absorption spectra of ABDA in the presence of FR-Capsules under irradiation at 480 nm over different periods of time. b) Normalized
absorbance change of ABDA at 400 nm against irradiation time in the presence of FR-Capsules (black line) and the same amount of RB (red line).
c) 3D reconstruction CLSM image of Hela cells (cytomembrane green, nucleus blue) co-cultured with FR-Capsules (red) for 3 h; the orthogonal
section images at the bottom and on the right were recorded along the yellow lines. d) Viability of HeLa cells under various conditions. (The
concentrations of both pure RB and the capsules containing RB in the cell culture media were 10 pgmL™".) e) Viability of HeLa cells co-cultured
with various concentrations of FR-Capsules under irradiation with a 480 nm laser for 10 min. (The concentration of the FR-Capsules is expressed
in terms of the RB component of the capsules in cell culture media, as below.) f) Viability of HeLa cells co-cultured with FR-Capsules and
irradiated for different periods of time; the concentration of the RB component in the capsule suspension in the cell culture media was 4 ugmL™".

decrease in the absorbance intensity of ABDA because the
irradiation wavelength of 480 nm is not the maximum
excitation wavelength for RB. These results confirmed that
FR-Capsules produce singlet oxygen with high efficiency
when exposed to 480 nm light. They also indirectly corrobo-
rated the occurrence of FRET between FITC-PAH and RB-
PAH in the FR-Capsules.

FR-Capsules were co-cultured with HeLa cells to study
their cytotoxicity under different conditions. For improving
the endocytosis efficiency, smaller FR-Capsules (S-FR-Cap-
sules, ca. 2 um; their morphology is shown in Figure S6) were
prepared according to the same method, except that a smaller
MnCO; template was used. As shown in Figure S7 and
Figure 4c, the assembled capsules were easily internalized
into cancer cells when they were co-cultured for 5h in the
dark. Incidentally, compared with the strong green fluores-
cence from cell membrane dyes (Alex 488), the capsules did
not show green fluorescence upon excitation with a 488 nm
laser owing to the intra-capsule FRET effects. The strong red
fluorescence of the FR-Capsules inside the cytoplasm implied
that capsules had been captured by cells. The cytotoxicity of
internalized FR-Capsules to HeLa cells was evaluated using
an MTT assay before and after exposure to a Xe lamp with
a 480 nm filter. As shown in Figure 4d, the cell viability
decreased sharply in the presence of FR-Capsules after
exposure to light. However, the same amount of pure RB did
not cause obvious cytotoxicity under the same conditions.
This is due to several reasons: 1) For the soluble RB, it was
difficult to cross cell membranes to reach the interior of cells;
2) the lifetime of singlet oxygen was very short, and it was
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difficult for the produced singlet oxygen from the RB solution
to directly act on the organelle; and 3) 480 nm is not the
maximum absorption wavelength for RB. Conversely, the FR-
Capsules could bind and directly carry RB into the interior of
cells. After exposure to 480 nm light irradiation, the FITC
units transferred their energy to RB moieties within the same
capsule, which produced singlet oxygen that directly acted on
the organelle. Therefore, the FR-Capsules are cytotoxic under
irradiation. Furthermore, the light cytotoxicity of FR-Capsu-
les was investigated at different concentrations and for
different irradiation times. It was found that the light
cytotoxicity of the FR-Capsules increased with the sample
concentration (Figure 4e) and the irradiation time (Fig-
ure 4f). In the range that is shown there, a nearly linear
relationship between the cytotoxicity and the sample concen-
tration, as well as irradiation time, was found.

The two-photon-induced cytotoxicity of the FR-Capsules
was further studied by TP-CLSM. HeLa cells were cultured
with FR-Capsules for 4 h and then irradiated by a 920 nm
two-photon laser for 10 min, followed by continuous culturing
for another 16 h. A specific dye, propidium iodide (PI), was
added to the cultured media to identify dead cells.’*! The
in situ CLSM images of PI cellular staining, together with
differential interference contrast (DIC) transmission light
images, illustrate the TP-PDT effect. As shown in Figure 5c,
the dispersed green/red fluorescence spots in the FITC and
RB channel represent the internalized FR-Capsules in the
first 4 h. However, after irradiation with the two-photon laser,
many of the cells were stained with red PI (Figure 5d), which
confirmed that cellular apoptosis had been induced and the

www.angewandte.de

An dte

Chemie

13739


http://www.angewandte.de

13740

Overlay DIC

In dark 4h

In dark 20h

w
o
o
c
S
2
°
b=
e
o
3
=

Figure 5. In situ observation of Hela cells by CLSM: Cells co-cultured
with FR-Caspules#1 for 4 h (a) and 20 h (b) in the dark; HeLa cells co-
cultured with FR-Caspules#1 for 4 h (c), and then irradiated using

a 920 nm two-photon laser for 10 min followed by continuous culturing
for another 16 h (d). Scale bars: 20 pm.

high two-photon toxicity of the materials. As a control
experiment, HeLa cells were co-cultured with FR-Capsules
for 4h and 20 h in the dark, and analyzed by in situ CLSM
(Figure 5a,b). During this period, the cells were not stained
by PI, which confirmed the low cytotoxicity of the materials in
the dark. In another control experiment, HeLa cells were
cultured without the capsules and irradiated with the two-
photon laser with the same parameters as for CLSM
observation in situ. Low two-photon toxicity was observed
(Figure S8). These results show that the FR-Capsules could
induce two-photon toxicity in cancer cells. The two-photon
toxicity induced by the reactive oxygen species is due to
excited RB. The RB was excited indirectly by the two-photon
dye (FITC) through intra-capsule FRET mechanisms.

In conclusion, we have successfully assembled LbL
microcapsules that were used for one- or two-photon-induced
PDT. The assembled species were composed of a two-photon
dye and a photosensitizer-labeled polyelectrolyte, FITC-PAH
and RB-PAH. FITC-PAH can be excited with a one- or two-
photon laser and can transfer its energy to RB-PAH through
an intra-capsule FRET mechanism. Therefore, RB can be
excited indirectly with a one- or two-photon laser. The FRET
efficiency between FITC-PAH and RB-PAH in the capsules
could be adjusted by changing the assembly sequence. The
microcapsules have low cytotoxicity in the dark and high
cytotoxicity after irradiation with either a one- or two-photon
laser. These results highlight possibilities for improving the
two-photon absorption cross-sections of traditional photo-
sensitizers by using the molecular assembly method. Further-
more, this technique provides a possible solution for applying
traditional photosensitizers in two-photon-induced PDT.
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